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MaSeveral recent technical advances in cardiac ultrasound allow data to be acquired at a very high frame rate. Retrospective
gating, plane/diverging wave imaging, and multiline transmit imaging all improve the temporal resolution of the con-
ventional ultrasound system. The main drawback of such high frame rate data acquisition is that it typically has reduced
image quality. However, for given clinical applications, the acquisition of temporally-resolved data might outweigh the
reduction in image quality. It is the aim of this paper to provide an overview of the technical principles behind these new
ultrasound imaging modalities, to review the current evidence of their potential clinical added value, and to forecast how
they might inﬂuence daily clinical practice. (J Am Coll Cardiol Img 2014;7:812–23) © 2014 by the American College of
Cardiology Foundation.C ardiac ultrasound is the modality of choicefor routine diagnostics given its low cost,high accessibility, and lack of ionizing radia-
tion. Traditional 2-dimensional (2D) echocardio-
graphic imaging is on the basis of a temporal
resolution ofw25 to 40 Hz (i.e., data acquisition occurs
every 25 to 40 ms), with later developments approxi-
mately doubling this. Although these frame rates are
adequate to assess cardiac morphology and certain
functional aspects, they do not allow the resolution
of all cardiac mechanical events, as some of them are
very short-lived. As such, potentially important diag-
nostic or prognostic information may get lost.
Recently, several technical advances have shown
that 2D ultrasound imaging at a very high temporal
resolution becomes possible through retrospective
gating, plane wave/diverging wave imaging, and
multiline transmit systems. These new imaging ap-
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the aim of this paper to explain these developing
technologies, review their potential beneﬁts and
current limitations, and examine how they might be
applied to optimize cardiac diagnostics.
ULTRAFAST CARDIAC IMAGING:
TECHNICAL CONSIDERATIONS
Ultrasound imaging is based on the acoustic pulse-
echo measurement: an ultrasound pulse is trans-
mitted and echo signals are subsequently received.
Given the velocity of wave propagation in soft tissue
(w1,530 m/s) and the propagation distance for a
typical cardiac examination (w30 cm return-trip from
the chest wall to the atrial roof), this measurement
takes w200 ms, implying that, for transthoracic car-
diac applications, w5,000 pulse-echo measurements
can be made every second.nt of Cardiovascular Sciences, KU Leuven, Leuven,
greb School of Medicine, University Hospital Center
the European Research Council under the European
number 281748) and the senior fellowship grant of
collaborative research projects with GE, Philips, and
ips relevant to the contents of this paper to disclose.
ABB R E V I A T I O N S
AND ACRONYMS
2D = 2-dimensional
ECG = electrocardiogram
MLA = multiline acquisition
MLT = multiline transmit
= signal-to-noise ratio
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813CONVENTIONAL ULTRASOUND IMAGING. To con-
struct a 2D cardiac image, conventionallyw180 pulse-
echo measurements are performed by sending pulses
sequentially into 180 different directions within a
plane covering a 90 angle (Fig. 1A). One image line is
thus reconstructed for each ultrasound pulse trans-
mitted. The construction of a single image thus takes
36 ms (180  200 ms), or w28 frames can be created
every second. To obtain optimal spatial resolution,
the ultrasound beam is focused, which works best for
large apertures. As such, the full aperture of the
phased array transducer is used during transmit,
resulting in the narrowest beam possible around the
focal zone (Fig. 2A).
Given that the speed of sound and the dimensions
of the heart are both ﬁxed, the only way to increase
frame rate is by lowering the number of transmit
events required to construct a single frame. A
straightforward way of achieving that is by limiting
the ﬁeld-of-view (i.e., narrowing the sector) or by
reducing line density (i.e., increasing the spacing
between adjacent ﬁrings), as both result in less
transmit events/frame. The former approach pre-
serves spatial resolution at the cost of the ﬁeld-of-
view, whereas the latter reduces spatial resolution,
preserving the ﬁeld-of-view. There thus exists an
intrinsic relationship among ﬁeld-of-view, spatial
resolution, and temporal resolution.
CURRENT STATE-OF-THE-ART. To increase frame
rate without compromising line density or sector
width, a commonly-used technique is multiline
acquisition (MLA) (1), which is implemented on
most currently-available systems. In this approach,
multiple neighboring lines are reconstructed simulta-
neously for each transmit beam (Fig. 1B). For example,
in a 4MLA system, 4 lines will be reconstructed in
parallel for each transmit beam, increasing the frameFIGURE 1 Ultrasound Scan Sequences
(A) Image scan scheme of conventional beam forming (single line acqui
acquisition); (C)multiline transmit beam forming (e.g., 4 multiline transm
image; green indicates the region that needs to be covered by a transmrate 4-fold. However, to enable this, the
transmit beam needs to be broadened to
ensure that the region covered by a given
group of parallel receive lines is adequately
insoniﬁed (Fig. 2B).
Broadening of the transmit beam is possible
by using only part of the transducer’s aperture
during transmit (Fig. 2B). The smaller the
aperture, the broader the beam, and themore lines can
be reconstructed in parallel. However, reducing the
aperture results in less energy being transmitted and,
therefore, reduced image quality (i.e., signal-to-noise
ratio [SNR]). Additionally, a broader beam will
intrinsically result in reduced lateral resolution,
which further degrades image quality. As a compro-
mise, the number of parallel lines is therefore typi-
cally limited to 4.
RETROSPECTIVE GATING. A ﬁrst approach to ultra-
fast imaging at preserved spatial resolution and ﬁeld-
of-view has been retrospective gating. In this
approach, a large imaging sector is divided into
several small subsectors. Each of these subsectors is
imaged at a high frame rate, given its limited ﬁeld-
of-view, over 1 cardiac cycle. Subsequently, using
retrospective electrocardiogram (ECG) gating, images
of these subsectors are combined to obtain images of
the full imaging sector at the original temporal reso-
lution (2). However, ECG gating may fail if the ECGs
derived during different cardiac cycles are markedly
different. In such cases, motion matching is an
alternative technique to combine subsector images
(3). In particular, every 2 neighboring subsectors are
slightly overlapping, and the local motion patterns
extracted from these overlapping regions are
temporally matched to exploit the periodicity of the
cardiac motion to time-align 2 neighboring sub-
sectors. In practice, a compromise has to be found
SNRsition); (B) multiline acquisition beam forming (e.g., 4 multiline
it). The small sectors indicate image lines required to form a full sector
it beam. The arrows indicate the direction of the scanning process.
FIGURE 2 Different Kinds of Ultrasound Transmit Beams
(A) Narrow focused beam for single line acquisition/transmit; (B) less focused beam for 4
multiline acquisition (4MLA); (C) unfocused beam for massive multiline acquisition, plane
wave; (D) diverging wave; and (E) narrow focused multiple transmit beams (e.g., 4MLA).
The red bar on top of the beams indicates the transmit aperture size.
Cikes et al. J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 7 , N O . 8 , 2 0 1 4
Ultrafast Cardiac Ultrasound Imaging A U G U S T 2 0 1 4 : 8 1 2 – 2 3
814between the amount of subsectors to be combined
and the frame rate obtained. This can be particularly
challenging in patients with signiﬁcant heart rate
variability. Unfortunately, this approach is not
applicable in atrial ﬁbrillation.
PLANE-/DIVERGING-WAVE IMAGING. To avoid
gating problems and prolonged acquisition times,
plane- or diverging-wave imaging has been proposed.
Originally, this imaging paradigm was implemented
on linear array transducers (4–8), but more recently,
it has proven applicable to phased arrays (9–13). In
this technique, a plane/diverging wave is transmitted
using the full aperture of the transducer (Figs. 2C
and 2D). Such unfocused beams allow more lines to be
reconstructed in parallel while keeping good energy
penetration. In this way, some authors proposed to
receive 16 lines in parallel for plane-wave transmits
(9), whereas others proposed to receive all image lines
at once by transmitting a very broad diverging wave
(broader than the example given in Fig. 2D) (10).
However, given the broad transmit beams, the spatial
resolution degrades signiﬁcantly. As a solution,
coherent spatial compounding was proposed (4,5). In
this technique, the same region is visualized from
(slightly) different directions, and the ﬁnal image is
the average of all acquisitions (Fig. 3). In this way, thespatial resolution is signiﬁcantly improved (Fig. 4).
Although compounding in deep tissue is more difﬁ-
cult using a phased array due to its intrinsic small
footprint, this has recently been demonstrated to be
feasible (9). Obviously, compounding requires a
greater number of transmits to scan the entire ﬁeld-
of-view, thereby reducing the effective gain in frame
rate (Fig. 4). As a result, for (compounded) plane-
wave imaging, the effective gain in frame rate is
similar to that of a state-of-the-art 4MLA system (i.e.,
w130 Hz for a 90 sector), resulting in very competi-
tive performance of both systems (11). For diverging-
wave imaging, the gain in frame rate can be much
higher for a similar amount of compounding. In this
way, a system operating at 1 to 2.5 kHz but at
compromised spatial resolution and SNR was pro-
posed (10). Although compounding over more trans-
mit beams could theoretically solve this problem, the
number of compounds should remain limited as mo-
tion between subsequent transmits will result in
imperfect compounding with associated artifacts. Of
note is that diverging-wave imaging makes harmonic
imaging impractical or even impossible, as the trans-
mitted acoustic energy is spread over a large region
resulting in relatively small pressure amplitudes and,
therefore, negligible generation of harmonics.
MULTILINE TRANSMIT IMAGING. As an alternative to
parallel receive-beam forming, multiple focused
beams can be transmitted simultaneously (i.e., multi-
line transmit [MLT]) (Figs. 1C and 2E). Although this
approach was proposed more than 2 decades ago
(14,15), it has received relatively little attention likely
due to potential artifacts arising from cross-talk be-
tween simultaneously transmitted beams. Neverthe-
less, it was recently demonstrated that image quality
of an MLT system could be very competitive to that
of a conventional single-line acquisition system
when set-up adequately (16,17). In contrast to the
previously-mentioned approaches, the spatial resolu-
tion of an MLT image is not necessarily compromised
(Figs. 5A and 5B), and harmonic imaging remains an
option (18), both of which make this method partic-
ularly attractive. Moreover, MLT can easily be com-
bined with MLA techniques (at the cost of spatial
resolution) to gain an 8-fold increase in frame rate,
which could probably be further improved to get a
12- to 16-fold increase without signiﬁcant loss in
image quality (17) (Figs. 5C to 5F).
APPLICATIONS OF
ULTRAFAST CARDIAC IMAGING
B-MODE IMAGING. All of the previously-mentioned
approaches have been demonstrated to enable
A
First plane wave
transmit beam
Parallel receive beams
formed according to the
first transmit beam
Second plane wave
transmit beam
Parallel receive beams
formed according to the
second transmit beam
B
First plane wave
transmit beam
Parallel receive beams
formed according to the
first transmit beam
overlapping region of
the first and second
transmit beam to
perform compounding
FIGURE 3 Plane Wave Imaging Scan Process Without and With Compounding
In this example, 4 parallel receive beams are formed for every transmit beam (A). Without compounding, there is no overlap between the
regions insoniﬁed by successive transmit beams. To perform compounding, successive transmit beams are partially overlapped (B). The
overlapped region is thus insoniﬁed from different directions. In this case, every image line within this overlapped region is imaged twice: once
by the ﬁrst and once by the second transmit beam. Adding receive beams at the same imaging angle but reconstructed from different transmit
beams thus forms a compound image line at that angle. Obviously, more transmit beams are required to scan the whole ﬁeld of interest when
compounding is employed.
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815reconstruction of B-mode images. With retrospec-
tive ECG gating, images of a full 90 sector have
been obtained at a frame rate of w500 Hz (2,3).
Compounded plane-/diverging-wave imaging was
proven feasible in vivo, providing 90-sector images
at 316 Hz (9) or even up to 1 to 2.5 kHz (10). Very
recently, similar results were reported using an MLT
approach (17).
B-mode images can be reconstructed at high frame
rates using these new imaging approaches; however,
their added value for real-time display on the ultra-
sound system or for the quantiﬁcation of cardiac
morphology remains limited given the potential
compromises in image quality and SNR. This, in itself,
would therefore not warrant the implementation of
these technologies.
MOTION AND DEFORMATION IMAGING. A ﬁrst
method for high frame rate acquisition to offer added
value is by providing new insights into cardiac me-
chanics through enhanced motion/deformation
analysis. Indeed, with current technology, regional
myocardial motion/deformation can be quantiﬁed to
some extent, but better resolution of short-livedmechanical events may offer new information on
pathophysiological mechanisms.
Plane-wave imaging has been used to derive data
on myocardial motion (12). To obtain the highest
temporal resolution possible, compounding was
avoided, thereby signiﬁcantly compromising spatial
resolution and SNR. However, in the setting of car-
diac functional imaging, the gain in temporal reso-
lution may outweigh the loss in spatial resolution/
SNR. Indeed, regional velocity proﬁles similar to
those obtained using state-of-the-art tissue Doppler
imaging could be obtained using this approach
(19,20). Similarly, diverging-wave imaging was re-
cently demonstrated to provide physiologic motion
proﬁles of the myocardium at high temporal (but
reduced spatial) resolution (10). Although the added
clinical value of obtaining myocardial motion/defor-
mation information at high temporal resolution re-
mains to be demonstrated, it is clear that obtaining
this information becomes possible.
MECHANICAL ACTIVATION IMAGING. The imaging
of myocardial motion/deformation at high temporal
resolution has already demonstrated its clinical
FIGURE 4 Simulated Images of 3 Point Targets Generated Using
Diverging Wave Imaging
(A) Before coherent spatial compounding; (B) after coherent spatial compounding. The
spatial resolution is improved after compounding. For clinical examples, please refer to
Papadacci et al. (10).
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816potential through mechanical activation imaging.
Myocardial mechanical activation is accompanied by
brief (local) myocardial motion/deformation. Imaging
the spatial distribution of the regional motion/
deformation characteristics at high temporal resolu-
tion (<2 ms) can, therefore, provide information
on the myocardial mechanical activation sequence. If
electromechanical coupling is assumed to be con-
stant throughout the ventricle, the mechanical acti-
vation wave could be representative for the
preceding electrical depolarization sequence, with
obvious applications in electrophysiology.
The concept of mechanical activation imaging was
originally shown by increasing frame rate through
coarse sampling (i.e., reducing line density) (21,22).
Later on, it was demonstrated that retrospective
gating could be used to better visualize and quantify
this mechanical activation wave (2). As demonstrated
in a study on open-chest dogs, motion matching also
allows for adequate imaging of the mechanical acti-
vation wave (3). These authors also showed sensi-
tivity to changes in electrical conduction resultingfrom myocardial ischemia, detecting regions with
coronary ﬂow obstruction >60% (3).
Despite these promising ﬁndings, mechanical
activation imaging should preferably be performed
within a single heartbeat. This was recently demon-
strated to be feasible in a canine model using
diverging-wave imaging (13) as well as in an open-
chest pig model using plane-wave imaging (Fig. 6),
which was recently carried out in our laboratory (23).
IMAGING VISCOELASTIC PROPERTIES OF THE
MYOCARDIUM. High frame rate imaging could also
provide insights into the intrinsic myocardial me-
chanical properties such as (local) stiffness or vis-
cosity by assessing the characteristics of the
propagation of shear waves through the myocardium.
Shear waves complement compressional waves
(acoustic waves) in that the direction of particle
movement is transverse to the direction of wave
propagation (Fig. 7). Shear waves propagate through
tissue at a much lower velocity than acoustic waves,
implying that the latter can be used to visualize shear
wave propagation. Nevertheless, very fast imaging
would be required (24). Interestingly, the propaga-
tion speed of shear waves and their frequency de-
pendency are directly related to local viscoelastic
properties. Assessing the characteristics of shear
wave propagation thus allows for the estimation of
viscoelastic properties of the medium through which
they travel.
Shear waves can occur naturally inside of the hu-
man body (25). Alternatively, they can be generated
in a more controlled manner by external vibrators
(26) or by using the pushing force exerted by an ul-
trasound wave on its medium, that is, the acoustic
radiation force (27). In the latter case, energy applied
at the focus of the ultrasound beam will push the
tissue in the direction of ultrasound wave propaga-
tion, resulting in generation of a shear wave that
propagates transversely away from the “push” re-
gion. Although harmonic shear waves have been
described and monitored, the 2D visualization of
transient shear waves was ﬁrst obtained in 2000
when fast imaging became available (28).
For cardiac applications, the propagation of shear
waves was ﬁrst characterized in the septum due to
aortic valve closure (29). Here also, temporal resolu-
tion was appropriately increased by sparsely sam-
pling the 2D image. In this way, an estimate of the
myocardial viscoelastic properties could be made
(29). More recently, acoustic radiation force-induced
shear wave imaging based on plane-wave imaging
on a linear array transducer was applied in a study
of Langendorff-perfused isolated rat hearts (6). This
study demonstrated the feasibility of measuring
FIGURE 5 Comparison of Images Acquired Using the Conventional SLT Beam Forming and MLT Beam Forming
(A and B) Images acquired using single-line transmit (SLT) and 4 multiline transmit (MLT). (C and D) Images acquired using SLT and 6MLT-2
multiline acquisition (MLA). (E and F) Images acquired using SLT and 4MLT-4MLA.
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817myocardial stiffness locally as well as its dynamic
behavior over the cardiac cycle with systolic stiff-
ening of the myocardium (6). In addition, it was
shown that peak systolic stiffness was relatively pre-
load independent and clearly correlated with the
myocardial inotropic state. More recently, the same
group showed the technical feasibility of real-time
shear wave imaging in vivo in an open-chest sheep
model (30) and used this approach to determine local
cardiac ﬁber orientation (31).
To date, cardiac shear wave imaging has remained
mainly limited to the open-chest animal setting us-
ing linear array transducers. Only very recently has it
been demonstrated in in vivo closed-chest animals
and humans that shear wave imaging is feasible us-
ing phased arrays (32). However, some technical
challenges remain. Moreover, generating a shear
wave requires a push orthogonal to the myocardial
wall, which can only be obtained—clinically—from aparasternal transducer position. True mapping of
ventricular stiffness may thus remain impractical.
Nevertheless, shear wave imaging could play an
important future role in clinical cardiology.
BLOOD-POOL DOPPLER IMAGING. Despite its wide-
spread clinical use, color ﬂow mapping requires
adapted imaging strategies that have a signiﬁcant
impact on temporal resolution. To limit these effects,
in practice, the color box size is reduced to a rela-
tively small region of interest.
As a solution, compound Doppler imaging has been
proposed, which would allow the imaging of blood
ﬂow at a high frame rate (33). In this method, image
acquisition is identical to compounded plane-wave
imaging. Given the high frame rate of the resulting
dataset, velocities can be estimated using established
Doppler techniques. In this way, the acquisition for
B-mode and Doppler imaging is identical, implying
that blood ﬂow can be estimated simultaneously at
FIGURE 6 Example Cardiac LV Activation Maps Extracted From Datasets Acquired Using (Noncompounded) Plane Wave Imaging
Based on an Open-Chest Pig Model
The left ventricle (LV) was under (A) basal-lateral pacing or (B) basal-anterior pacing. The frame rate was about 836 Hz.
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818each pixel in a wide 2D region of interest. Given the
high sampling rate obtained in this manner, com-
pound Doppler also provides the possibility to retro-
spectively obtain quantiﬁable Doppler spectra at all
image points (24,33). Using a similar custom color
ﬂow approach, complex ﬂow patterns in congenital
heart disease were studied (8).
The previously-described Doppler approaches
were implemented on linear-array transducers to
facilitate fast imaging. Nevertheless, very recently,
ultrafast Doppler imaging was also implemented on
a phased-array transducer, using diverging waves
to increase the ﬁeld-of-view (34). This system wasFIGURE 7 Types of Wave Propagation
The wave propagation is schematically presented by particles connected
(Left) Longitudinal wave (the movement of particles along the direction
transverse to the direction of wave propagation).demonstrated to enable imaging of left ventricular
blood ﬂow patterns without the use of contrast agents
at a temporal resolution of w2,400 Hz (34). However,
as only 2 compounded diverging waves were used to
obtain the ultrahigh frame rate, spatial resolution was
signiﬁcantly compromised.
MYOCARDIAL PERFUSION IMAGING. The previously-
mentioned gain in acquisition rate can also be used
to generate ﬂow data with a temporal resolution
similar to what is currently used but at increased
sensitivity to low ﬂow rates. In this way, the capa-
bility of ultrafast Doppler to image intramyocardial
blood ﬂow was studied (35). Although theseby massless springs that are displaced from their equilibrium position.
of wave propagation). (Right) Shear wave (the movement of particles
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819measurements were performed in an open-chest an-
imal setup using linear-array transducers, disrup-
tions in vascular ﬂow during coronary occlusion
could indeed be demonstrated.
Another modality of imaging myocardial perfusion
is myocardial contrast echocardiography. Detection
of signals generated by the microbubbles remains
difﬁcult, as they are embedded in echo signals from
the surrounding myocardium. Ultrafast compounded
plane-wave imaging has been employed in moni-
toring microbubble accumulation within the tissue
vasculature with similar image quality and better
contrast compared with conventional imaging (36).
An overview of published experimental and clin-
ical studies focused on ultra-high frame rate imaging
is given in Table 1.
POTENTIAL CLINICAL ROLE OF
ULTRAFAST CARDIAC IMAGING
The periods of the heart cycle requiring the highest
temporal resolution are the very short-lived intervals—
the isovolumic contraction/relaxation periods. These
are also the periods during which major differences
between tissue Doppler imaging–based regional ve-
locity and strain-rate curves occur; although rela-
tively high velocities may be recorded, little change
in regional strain-rate occurs (37). Although this
might reﬂect only minor deformation changes during
these time intervals, it might also be a matter of
undersampling. Some of the events occurring during
the isovolumic contraction period are the isovolumic
acceleration and the septal ﬂash (38,39). The former
has been proposed as a measure of left ventricular
contractility (38), whereas the latter was suggested as
a marker of intraventricular dyssynchrony amenable
to cardiac resynchronization therapy (39). Thus,
further study of these short-lived intervals might
provide more insight into myocardial contractility
and the cardiac activation-contraction patterns, as
well as new time-dependent parameters such as the
rate of rise of systolic strain-rate. This information
would obviously be valuable in the longitudinal
follow-up of certain patient subpopulations, such as
valvular disease, where it might provide additional
data on optimal timing of valve replacement. How-
ever, reliable and robust quantiﬁcation of any of
these measures requires adequate temporal resolu-
tion of the underlying dataset.
Another ﬁeld potentially beneﬁting from
temporally-resolved myocardial deformation by ul-
trafast cardiac imaging is fetal echocardiography. The
velocities and strain (-rates) of the fetal left and right
ventricular walls can be readily obtained by tissueDoppler imaging (40,41). However, due to the high
fetal heart rates, adequate temporal resolution be-
comes even more important. The optimal sampling
requirements for fetal tissue velocity imaging were
assessed at heart rates w122 to 163 beats/min, where
an acceptable 5% deviation corresponded to mea-
surements performed above 150 to 200 Hz (42). More
recently, the feasibility and reproducibility of speckle
tracking–derived strain (-rate) analysis was tested in
healthy and diseased fetuses, and showed relatively
high interobserver and intraobserver discordance,
with feasibility even more compromised with poly-
hydramnios (43). Having in mind the lower temporal
resolution currently available in speckle tracking, it is
most likely insufﬁcient to resolve data, particularly
the strain-rate. Thus, ultrafast cardiac imaging sys-
tems might likewise bring beneﬁt to the ﬁeld of fetal
echocardiography.
Future technical advances might also provide
adequate resolution of strain and strain-rate as
derived from 2D speckle tracking as less angle-
dependent measures of contractility. Furthermore,
the acquisition of such high frame rate data on
myocardial motion/deformation from multiple ven-
tricular walls within the same heartbeat could be
utilized in data fusion with electroanatomical map-
ping, thus providing more detailed and congruent/
simultaneous information on the heart’s electro-
mechanical properties. This might improve the
understanding of the heart’s activation/contraction
sequence, particularly in conduction abnormalities
such as left bundle branch block and cardiac resynch-
ronization therapy, as well as atrial arrhythmias.
Shear wave imaging should improve the under-
standing of the viscoelastic properties of the myocar-
dium, which is of particular interest in heart failure,
and especially cardiomyopathies. It might provide
better insight into not only myocardial contractile
function, but also its relaxation properties, poten-
tially beneﬁting patient follow-up protocols and
treatment guidance. Shear wave imaging might prove
to become an additional modality of imaging for
myocardial ﬁbrosis and an adjunct in contractility
assessment.
In addition to data on timing and quantiﬁcation of
myocardial motion/deformation and viscoelastic
properties, ultrafast cardiac imaging can also provide
better quantiﬁcation of complex intra-cardiac blood
ﬂows (8), thus potentially optimizing hemodynamic
assessment and 2D ﬂow imaging, particularly in
congenital heart disease. Furthermore, comprehen-
sive intracardiac blood ﬂow imaging might enable a
better understanding of the pathophysiology under-
lying myocardial remodeling in various overload
TABLE 1 Overview of Published Experimental and Clinical Studies Focused on Ultra-High Frame Rate Imaging
First Author (Ref. #), Year Acquisition Technique Application Study Setting Imaging Target
Transducer;
Frame Rate
Wang et al. (2), 2008 Retrospective ECG
gating
B-mode imaging,
mechanical activation
imaging
Healthy volunteers LV, abdominal aorta imaging
at full-view frames, and
axial displacement (STE);
pulse wave propagation
Phased array;
481 Hz
Provost et al. (3), 2010 Motion matching B-mode imaging,
mechanical activation
imaging
5 open-chest dogs in vivo Conduction changes (electrical
mapping) in ischemia
Phased array;
390–520 Hz
Couade et al. (7), 2010 Plane/diverging wave Shear wave imaging Healthy volunteer
(carotid wall)
Arterial stiffness Linear array;
8,000 Hz
Pernot et al. (6), 2011 Plane wave Shear wave imaging Langendorff-perfused
isolated rat hearts
Myocardial stiffness (dynamic
behavior over cardiac cycle)
Linear array;
12,000 Hz
Lovstakken et al. (8), 2011 Plane wave Blood-pool Doppler
imaging
Newborns, complex
congenital heart disease
Complex 2D blood-ﬂow patterns
(STE approach)
Linear array
Not reported
Hasegawa et al. (9), 2011 Compounded diverging
(þplane) wave
B-mode imaging Wire phantom, healthy
volunteer
Feasibility of diverging wave
using parallel beam forming
Phased array;
316 Hz at 90
Provost et al. (13), 2011 Diverging wave Mechanical activation
imaging (motion
and strain maps)
Open- and closed-chest
in vivo dog model
Mechanical activation imaging
in nonperiodic arrhythmias
Phased array;
2,000 Hz
Brekke et al. (20), 2011 Plane wave 3D B-mode imaging,
3D myocardial motion
imaging (TDI)
5 healthy volunteers Myocardial motion in 3D Phased array;
z500 Hz
Couade et al. (30), 2011 Plane wave Real-time shear wave
imaging
10 in vivo open-chest
sheep
Local myocardial stiffness;
myocardial elastic anisotropy
Linear array;
12,000 Hz
Bercoff et al. (33), 2011 Compounded plane
wave
Ultrafast compound
Doppler
Ultrasound phantoms,
healthy volunteer
(carotid artery)
Blood-pool Doppler imaging
at HFR; simultaneous blood
ﬂow estimation at each pixel;
quantiﬁable Doppler spectra
at all image locations
retrospectively
Linear array;
150 Hz (Doppler)
Tong et al. (12), 2012 Plane wave
(noncompounded)
Motion imaging (color
M-mode, velocity
proﬁles); B-mode
Healthy volunteer Feasibility of noncompounded
plane-wave imaging in
myocardial motion estimation
Phased array;
212 Hz
Cikes et al. (19), 2012 Plane wave Motion imaging (TDI) 10 healthy volunteers Plane wave feasibility in
functional cardiac imaging
Phased array;
212 Hz
Lee et al. (31), 2012 Plane wave Real-time shear wave
imaging
5 in vitro porcine, 3 in vivo
open-chest ovine hearts
Mapping local myocardial ﬁber
orientation
Linear array;
8,000 Hz
Osmanski et al. (35), 2012 Compounded plane
wave
Ultrafast Doppler
imaging/myocardial
perfusion imaging
5 in vivo open-chest sheep Intramyocardial blood ﬂow/
coronary blood ﬂow dynamics
(disruptions in vascular ﬂow
during coronary occlusion)
Linear array;
3,000 Hz
Couture et al. (36), 2012 Compounded plane
wave
Myocardial perfusion
imaging
Vessel phantom Monitoring microbubble
accumulation within the
tissue vasculature
Linear array;
10.33 Hz
Song et al. (32), 2013 Diverging wave, pulse
inversion harmonic
imaging
Real-time shear wave
imaging
Phantom, ex vivo pig heart,
7 healthy volunteers
Estimates of LV myocardium
stiffness in end-diastole
Phased array;
3,850 Hz
Osmanski et al. (34), 2013 Diverging wave Ultrafast Doppler imaging Healthy volunteers LV blood ﬂow patterns during
the heart cycle
Phased array;
w2,400 Hz
Papadacci et al. (10), 2014 Diverging wave B-mode imaging, tissue
velocity estimation
Phantoms, human in vivo Cardiac imaging at very high
frame rate with a large
imaging sector
Phased array;
1,000–2,500 Hz
Tong et al. (17), 2014 Multiline transmit B-mode imaging Phantoms and healthy
volunteers
Feasibility of multiline transmit
beam forming for fast cardiac
imaging
Phased array;
340–450 Hz
Prieur et al. (18), 2013 Multiline transmit Second harmonic B-mode
imaging
Wire phantom, in vivo LV Feasibility of multiline transmit
beam forming for second
harmonic imaging
Phased array;
not reported
Kanai et al. (21), 2001 Coarse sampling Mechanical activation
imaging
3 healthy volunteers, 2 aortic
stenosis patients
Properties of myocardial
vibrations —myocardial stiffness
Phased array;
600 Hz
Kanai (29), 2005 Coarse sampling Shear wave imaging 5 healthy volunteers Myocardial viscoelastic properties
(Pulsive wave propagation)
Phased array;
450 Hz
Kanai (22), 2009 Coarse sampling Mechanical activation
imaging
Normal human heart Propagation and dispersion
properties of myocardial
vibrations
Phased array;
500 Hz
2D ¼ 2-dimensional; 3D ¼ 3-dimensional; LV ¼ left ventricle; STE ¼ speckle tracking echocardiography; TDI ¼ tissue Doppler imaging.
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TABLE 2 Potential Clinical Targets of Ultrafast Cardiac Imaging
Clinical Beneﬁt Ultrafast Cardiac Imaging Application
Motion and deformation during isovolumic
periods
Plane wave velocity/deformation imaging
Ultrahigh frame rate 3D TDI
Fetal echocardiography—diastolic events,
isovolumic periods
Plane wave velocity/deformation imaging
Ultrahigh frame rate 3D TDI
Resolution of strain (-rate) from 2D/3D STE Plane wave velocity/deformation imaging
Ultrahigh frame rate 3D TDI
Simultaneous motion/deformation data
acquisition from multiple ventricular walls
Plane/diverging wave imaging
Single-cycle 3D volume acquisition Plane/diverging wave imaging
Data fusion with electromechanical mapping;
activation–contraction patterns
Retrospective gating
Myocardial stiffness/ﬁbrosis/contractility Shear wave imaging
Complex blood ﬂow trajectories/dynamics Ultrafast compound Doppler
Myocardial blood ﬂow/perfusion imaging Ultrafast compound Doppler
Ultrafast signed power Doppler
Abbreviations as in Table 1.
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821pathologies (congenital heart disease, valvular dis-
ease), ultimately providing better navigation for
ventricular reconstructive surgery procedures. This
might also be extended to imaging great vessel ﬂows
and deﬁning aortic pathology and its treatment.
Ultrafast cardiac imaging may also impact myocar-
dial perfusion imaging (35), as it can be used to in-
crease the sensitivity of the Doppler system and,
therefore, visualize low ﬂow rates (as occurring in the
smaller coronary arteries). Moreover, ultrafast imag-
ing can increase the sensitivity of the ultrasound
system to low contrast concentrations, thereby
avoiding the need for higher-dose contrast injections
and their associated image artifacts.
An overview of potential clinical applications of
ultrafast cardiac imaging is given in Table 2.
POTENTIAL LIMITATIONS AND
FUTURE DIRECTIONS IN
ULTRAFAST CARDIAC IMAGING
One of the main drawbacks of high frame rate imag-
ing is the trade-off with spatial resolution. The axial
resolution—the ability of the ultrasound system to
detect and distinguish echoes from structures at
various depths along the beam axis, primarily
depending on the length of the transmitted pulse—
remains excellent. However, lateral resolution—the
ability to detect and distinguish 2 closely-positioned
echoes perpendicular to the beam axis, which is
primarily dependent on the beam width—is often
signiﬁcantly impaired. Due to their large beam
widths, plane- and diverging-wave imaging are ex-
amples of degraded lateral resolution. Nonetheless,
MLT beam forming, with a demonstrated potential to
overcome this drawback, utilizes focused transmit
beams as in conventional beam forming, intrinsically
preserving spatial resolution. Ultimately, all of the
proposed fast imaging approaches are associated—
some more than others—with a loss in SNR.
Harmonic imaging is very important in clinical
practice to obtain good images in terms of spatial
resolution and particularly SNR. It requires high
acoustic pressures, which can be produced by
increasing the transmit power and/or transmitting
focused beams. For nongated high frame rate imag-
ing methods, only MLT beam forming, in which
focused beams are transmitted, has recently been
shown to be suited for harmonic imaging (18). The
feasibility of producing harmonics using plane waves
or diverging waves remains a challenge due to their
relatively low pressure amplitudes. In theory, it
should be possible to generate harmonics in the near
ﬁeld by transmitting higher acoustic power whenusing plane waves or diverging waves. However, this
may result in (thermal) safety issues, as well as a
redeﬁnition of current system hardware to allow for
high power transmission. Nevertheless, good image
quality is not a prerequisite for functional analysis of
the heart, although it typically makes processing the
data more robust.
Most of the high frame rate approaches have
initially been performed using linear-array trans-
ducers, with later translation toward phased-array
transducers. The reason for this is that linear arrays
facilitate ultrafast imaging due to their intrinsic large
ﬁeld of view. Translating these methodologies to
phased arrays brings along additional challenges.
Nevertheless, solutions are being proposed, and
phased-array fast ultrasound imaging has become a
reality. Implementation of these imaging strategies
on commercially-available clinical systems may,
however, not be that straight-forward, as they not
only require changes in imaging methodology, but
they also bring challenges in data transfer rates and
storage as well as changes in the system architec-
tures. For instance, plane wave or diverging wave,
allowing massive parallel MLA beams, would require
a large number of hardware receive beamformers
($16) or full software beam forming that could pro-
vide images in real-time. Both solutions would
signiﬁcantly increase the cost of the system, whereas
the latter would also need to redeﬁne the system
architecture completely. For the MLT approach, a
multilevel pulser would be required instead of the
typical unipolar or bipolar pulsers used in cardiac
ultrasound systems. Moreover, the transmitter
should enable transmission of relatively long pulse
trains (16). In addition, it is worthwhile to mention
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overlapping in the near ﬁeld, which may cause
(thermal) bioeffects. To avoid this problem, small
delays could be introduced between adjacent MLT
beams (44).
Although the current review has focused on fast 2D
imaging, it is worth pointing out that the same im-
aging approaches are being used to speed up the
acquisition process of 3-dimensional volume data
where time resolution is even more of an issue, even
with state-of-the-art volumetric imaging systems.
Finally, further studies are needed to test the ne-
cessity, accuracy, reproducibility, and reliability of
the techniques before entering the area of clinical
research, where the level of clinical evidence should
further be validated (45).CONCLUSIONS
Ultrafast cardiac imaging is a potential extension
of echocardiographic imaging, with likely beneﬁts.
Provided that the technical advances allow the
beneﬁts to outweigh the drawbacks, ultrafast im-
aging might become an integral part of a new
echocardiography toolbox, facilitating data analysis
and providing additional insight into cardiac
mechanics.
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